fluoroscopy being the most established technique. However, the exposure to ionizing radiation, as well as the inability of fluoroscopy to clearly delineate subsurface intracardiac regions and confirm catheter contact with the endocardium, has made echocardiography and electroanatomic mapping (EAM) the most attractive as adjunct modalities. [5] [6] [7] [8] [9] Intracardiac echocardiography (ICE), in particular, has found multiple uses in the electrophysiology laboratory, providing real-time display of intracardiac structures. [6] [7] [8] The use of ultrasound image guidance for interventional radiofrequency ablation (RFA) procedures in the heart has begun to play a more important role in the minimization of fluoroscopic radiation exposure to the patient while imaging important intracardiac features, eg, the membranous fossa of the interatrial septum for puncture access to the left atrium, the pulmonary veins, and Doppler blood velocities associated with pulmonary vein stenosis. 10 Important considerations in the design of ICE catheters are the (1) imaging and handling performance features, (2), compatibility with current interventional practice, and (3) cost in both procedural time and purchasing expense. Overall, a catheter that can be itself guided into place with EAM, perform high-quality image guidance of RFA therapy, and improve procedural throughput at a lower cost is a worthwhile goal. As a general guide, Table 1 compares the common RFA catheter with an "ideal" catheter and with the initial features of a proposed progenitor, a microlinear capacitive micromachined ultrasound transducer (ML-CMUT) catheter.
The miniaturization of ICE catheters has revolutionized interventional procedures by integrating ultrasound transducers onto flexible, low-profile catheters, which allow imaging in the restricted spaces of vascular and cardiac structures. [11] [12] [13] Two distinctly different ICE catheter prototypes, descriptively referred as ML catheters because of their small ultrasonic array designs, have been developed within a program to build a series of miniaturized high-frequency forward-looking transducer arrays. 14 Piezoceramic arrays, namely those made with lead zirconate titanate (PZT), are considered standard design types for most ultrasound applications. Currently in their third generation of development, our early ML devices are called ML-PZT array catheters. The second array transducer type is the CMUT, now in its second generation of development 15 ; these CMUT arrays are used in the assembly of the ML-CMUT array catheter (Figure 1 ). By comparison to PZT, the CMUT as an acoustic transducer is relatively new as an ultrasound transceiver. This silicon-based array, however, has several design aspects that may yield a considerable advantage over the PZT array type, especially at small sizes. The small-element CMUT array in combination with a local buffer-preamplifier offers excellent transmit and receive sensitivity with a wide bandwidth, allows special element shaping, does not require acoustic matching layers, and may be considerably less expensive in large-scale manufacturing.
The principal objective of this work is to describe the first in vivo use of a forward-looking ML-CMUT array catheter in a true 9F profile, the catheter compatibility with EAM guidance, and the use of a specially integrated RFA tip capable of both monitoring and delivery of intracardiac ablation. This work represents the first in vivo ablation and direct simultaneous collection of tissue echo data for the thermal strain temperature at the exact ablation site. In addition, we describe the initial use of the ML-CMUT catheter in exploratory cardiac imaging from the perspective of the epicardial surface from within the pericardium.
Materials and Methods

Microlinear Array Catheters: Differentiation by Array Technology
Although the primary focus of this work is the description and first use of the ML-CMUT catheter equipped with a microelectromechanical system silicon-based array, both the PZT and CMUT array technologies and their contributions are briefly reviewed in the following sections for the purpose of general comparison. As a precursor design, the ML-PZT catheter was built with a piezoceramic array 14 with relatively standard building materials; otherwise, the general catheter design and construction for the two types of ML catheters are largely the same. Both catheters have RFA ablation tip electrodes and at least one electrode for EAM compatibility. The ML-PZT catheter has a tip-mounted thermocouple for temperature feedback during ablation procedures. Both types of ML catheters are forward-looking ICE devices with bidirectional steering, which permits image plane elevation up/down positioning. The array of the ML catheters is rectangular and end facing, which allows it the capability to project a B-mode plane directly out from the tip of the catheter. 15 Both array types are constructed with 24 elements with a similar aperture area. The ML-CMUT catheter features described in Table 1 have also been incorporated in the ML-PZT catheter. The two arrays were designed with slightly different objectives but are compared here for historical context. A more thorough and quantitative design comparison study is planned in the near future.
Microlinear PZT
The early ML catheters used in our research partnership have been constructed of the industry standard ceramic piezoelectric transducer material called PZT. The ML-PZT catheter does not require a special interface circuit near the array but does require fine-line mechanical assembly of the array elements, an acoustic matching layer, and a backing absorber and lacks some of the benefits of CMUT array technology. 16 The PZT array transducer in our design uses the flex circuit polyimide itself, together with a single thin encapsulation layer, as the effective acoustic-matching layer for efficient acoustic transmission and reception. The 24-element PZT array aperture is 1.2 × 1.58 mm, with a center frequency of 14 MHz. The PZT array has an acceptable 50% fractional bandwidth. 14 
Microlinear CMUT
The CMUT array design is a competitive option for intracardiac ultrasound transducers offering several performance and manufacturing advantages. Unlike a piezoelectric transducer, which typically vibrates in its thickness direction to generate ultrasound, a CMUT consists of many capacitors with movable top plates connected electrically in parallel and generates ultrasound as a result of these plate vibrations in response to an electrostatic actuation.
Material properties and the thickness of a piezoelectric (eg, PZT) crystal dictate its frequency of operation. Piezoelectric materials most commonly used in transducers for medical imaging are soft piezoelectrics such as PZT-5A and PZT-5H and have an acoustic impedance in the 30-to 36-megarayl range, which is relatively large compared to that of the human body (1.5 megarayls). As a result, a backing and a front-side matching layer are often needed to achieve a wideband response that leads to a short pulse duration for improved axial resolution. On the other hand, the CMUT's ultrasound-producing thin plates have a smaller acoustic impedance than water 17 over a wide frequency range and hence are inherently wideband when operated in immersion or in contact with tissue. The frequency of operation for a CMUT is set primarily by the geometry of its basic building block, the capacitor, and mechanical properties of the plate material, typically silicon or silicon nitride. Capacitive micromachined ultrasound transducer arrays are made with silicon micromachining, which allows more flexibility in the transducer's size, shape, and spacing between elements. 18 In addition, CMUTs have a smaller internal loss and a higher thermal conductivity than PZT transducers, the combination of which results in a reduced tendency to generate and retain heat. 19 The 24-element CMUT array aperture is 1.073 × 1.50 mm, with a center frequency of 8.5 MHz. The CMUT array has a 74% fractional bandwidth, with an absolute frequency bandwidth which is quite close to that of the PZT array design. Optimization of the frequency band of operation is an important design consideration; future work will provide guidance on this aspect. In addition to the unique CMUT array design, the array is buffered electronically with a flip-chip bonded application-specific integrated circuit, 16, 20 which permits direct transmit pulse control from the system and also offers a transimpedance amplifier to enhance the receive echo fidelity. The amplifier provides a local signal boost, which is needed to adequately drive the low electrical impedance coax used in the catheter.
Real-time Navigational Methods
Fluoroscopy is recognized as the standard for interventional catheter guidance, even with its incumbent ionizing radiation hazard to the patient, limited view of catheters, and inability to show 3-dimensional (3D) views. In most studies performed, we exploited the benefits of EAM in addition to fluoroscopic guidance. Electroanatomic mapping can offer a real-time 3D view for anatomic localization within the heart. It has been developed over the last decade in several different formats [21] [22] [23] and has the real potential for virtually replacing much of fluoroscopy, 8, [24] [25] [26] [27] [28] [29] which is especially valuable in pediatric cases. Electroanatomic mapping procedures require some time to first map the chamber of interest. Once that is accomplished, real-time tracking of other catheters can be easily performed, which provides positional feedback. Positional records of ablation events with markers on the EAM endocardial wall display were used in most of our studies. Before the vascular introduction of the ML catheters, a separate 7F mapping catheter was used with the Ensite NavX navigation and visualization technology system (St Jude Medical, Inc, St Paul, MN) to obtain the 3D real-time endocardial geometry of the right atrial and right ventricular chambers.
Thermal Strain Imaging
The current methods of RFA procedural feedback are limited principally to monitoring the radiofrequency (RF) power, electrode contact, and catheter tip temperature (which correlate relatively poorly with the actual subsurface tissue temperature, especially in irrigated tip catheters). Intracardiac echocardiographic image guidance can monitor undesirable bubble formation 30 during RFA, but it has obvious drawbacks in the procedural time and multiple catheter handling. Recent efforts have shown that even optical monitoring of cardiac tissue during RFA may yield feedback information. 31 Direct tissue temperature monitoring with a minimally invasive approach is likely one of the better methods to pursue. A means of extracting the treated tissue temperature information has been developed using the apparent "thermal strain" (ie, change in ultrasound speed with temperature) detected ultrasonically during the RFA process itself.
Thermal strain imaging (TSI), derived from phasesensitive speckle tracking of ultrasound images, which has been well described as a novel tissue differentiation technique, 32, 33 can also be used to create images based on the temperature dependence of the sound speed. Thermal strain imaging has already been successfully used in atherosclerosis detection and tissue characterization. [33] [34] [35] [36] [37] Direct observation of the dynamic temperature changes occurring in subendocardial surface tissue (not just surface temperature) concurrent in the time course of ablation has long been a goal for better RFA procedural feedback. A special ultrasound-compatible radiofrequency ablation (UCRA) tip has been made to fit over the distal tip of the ML catheters to enable this ability (Figure 2 ). The tip is made primarily of a plastic (TPX, Polymethylpentene; Mitsui Chemicals, Inc, Tokyo, Japan) with a very thin (≈3-μm) metallization layer coating the outside surface. This tip metal is electrically connected to the RFA tip of the ML catheter, which permits the thin metallization to act as the RFA electrode itself. The UCRA tip is equipped with holes that allow blood to exist (or saline irrigation fluid) within the tip so the ML array ultrasonic wave energy may traverse this liquid path and through the tip wall. Ultrasound imaging of the actual ablation tissue during the process of RFA is then possible. In an attempt to reduce RFA electro nic noise interference during active ablation, the electro cardiographic (ECG) signal was also used to gate the ablation during systole, whereas echo data frames were taken during diastole for TSI temperature processing.
To process echo data for TSI (in an offline fashion, which was preferred given the early stage of development of the specific technique), 4 frames of data with the least motion were selected by examining B-mode images from the first cardiac cycle before ablation. Using these as reference frames, 2D cross-correlation was performed to find the best matched frame with the highest cross-correlation (≥0.85) within a cycle for all subsequent cardiac phases. Then, using each frame from the first cardiac cycle as a reference, 2D speckle tracking was performed with all corresponding frames throughout the experiment. These 4 displacement sets were averaged to produce the measured axial displacement. Two-dimensional phase-sensitive correlation-based speckle tracking 38 was applied to the RF data from every frame in the sequence to estimate temporal strain along the axial direction.
Animal Studies
Fluoroscopy was used in all cases to advance catheters from access vessel sites. Electroanatomic mapping 40 was subsequently used to delineate the 3D endocardial borders of the right atrium and right ventricle and serve as both a means of guidance and record of ablation site locations. Radiofrequency ablation procedures with either a standard RFA catheter (Livewire catheter, 4-mm tip; St Jude Medical, Inc) or with an ML catheter equipped with the UCRA tip were performed with a conventional Stockert generator (BiosenseWebster, Diamond Bar, CA) or a modified IBI generator (St Jude Medical, Inc) equipped with customized ECG-gated RFA capability. Images from the CMUT catheter were obtained alternatively with both the Vivid 7 and Vivid i imaging systems (GE Healthcare, Milwaukee, WI).
Imaging characteristic and thermal strain analyses were accomplished using both types of ML catheters with 2D phased array sector displays and the tissue Doppler strain imaging mode operated on the Vivid 7 imaging system at a transducer frequency of 12 MHz. Both highframe rate (120 frames per second) gray scale images and low-frame rate (4 frames per second) thermal strain baseband I (complex, real part) and Q (complex, imaginary part) data frames were obtained and processed offline on an EchoPAC Clinical Workstation (GE Healthcare, Wauwatosa, WI) and MATLAB software (The MathWorks, Natick, MA), respectively.
Results
In Vivo Studies: Qualitative Comparisons to the ML-PZT Catheter
The ML-PZT catheter was typically used first to establish an operational baseline for comparison to the ML-CMUT catheter. Catheter introduction was accomplished through either jugular or femoral venous access and was positioned inside the lateral right atrium pointing forward toward the epicardial surface.
The first generation of ML-PZT catheters had 9F catheter shafts and rather large 15F tip enclosures. 41 With a similar early history, the current second-generation ML-CMUT prototype catheter is now much smaller than the first-generation catheter with improved steerability, although we encountered catheter shaft kinking in 1 of the 5 catheters used, which restricted intracardiac maneuverability.
The ML-CMUT prototype catheters imaged well without substantial technical difficulties and were able to delineate intracardiac structures to a depth reaching 3 cm. The image quality of these first-use in vivo ML-CMUT catheters presented itself favorably in comparison to the more mature ML-PZT catheter design (Figure 3) . To additionally observe the image penetration and catheter handling of the ML-CMUT, an epicardial study was undertaken. In one animal model, the ML-CMUT catheter was introduced percutaneously into the subxiphoid region and advanced into the pericardial space under fluoroscopic guidance. The catheter was steered around the lateral and posterior regions of the heart to the right atrium (Figure 4) . We found, as did two previous studies using ICE catheters in the intrapericardial space, 42, 43 that intracardiac structures were delineated with excellent image stability, including the left atrial appendage image.
In Vivo Studies: ML-CMUT Catheter Guidance
The ML-CMUT catheter was used to guide the position of a separate RFA catheter as well as operate with the NavX EAM system to permit tracking of the ML-CMUT catheter tip's 3D position. Figure 5 shows an ML-CMUT catheter guiding a separate RFA catheter near the inferior right atrial isthmus. The ML-CMUT catheter position could also be tracked easily in an EAM-mapped heart chamber ( Figure 6 ). A single-ring electrode very near the catheter tip was used as the active EAM electrode; the catheter tip could be tracked in any position within the porcine heart right atrial and right ventricular chambers. The NavX EAM system was used as in previous studies 14, 44 to maintain a spatial map of the ablation sites visited. After the specific site ablation studies, the porcine heart was explanted and examined ( Figure 7) .
In Vivo Studies: Feasibility of TSI With the ML-CMUT
The ML-CMUT catheter was used with the specially developed UCRA tip to compare its general TSI capability to that of the ML-PZT version of the catheter. Details of ML-PZT use with this tip are reported in related works. 45, 46 Figure 3. Qualitative image quality comparison of the microelectromechanical system-based second-generation microlinear capacitive micromachined ultrasound transducer (ML-CMUT) prototype (left) and the third-generation piezoceramic microlinear lead zirconate titanate transducer (right), with system image sizes adjusted to correct for scale. Both were used in these examples to help guide the ablation tip of a separate radiofrequency ablation (RFA) catheter into position on the surface of the endocardium. The ML-CMUT image (left) shows the RFA catheter surrounded by a collection of echogenic bubbles near the tip (arrows) during an ablation procedure. Figure 5 . Microlinear capacitive micromachined ultrasound transducer (ML-CMUT; ML 18) catheter imaging the placement of a radiofrequency ablation (RFA) catheter near the inferior right atrial isthmus. The imaging catheter has been advanced from the superior vena cava, whereas the RFA catheter was introduced femorally. The wide-bandwidth ML-CMUT here can resolve the very fine wire braid pattern (arrow) within the RFA catheter shaft in the range (at ≈5 mm) of the best focus for this small tipmounted array. The ML-CMUT prototype, assembled using the UCRA tip, was preloaded with saline to avoid air bubbles in the acoustic imaging path (Figure 2) . Using a modified RF generator (IBI 1500-T11; St Jude Medical, Inc) to permit ECG trigger-controlled ablation pulses, the typical ablation parameters were 30 to 50 W of RF generator power, 70 to 80 Ω of contact resistance, 40 seconds of ablation, and a tip temperature (using the standardmount thermocouple in the ML RFA electrode) limit set for 65°C. As tested with the ML-PZT catheter, the ML-CMUT catheter could successfully image simultaneously during RFA procedures with only minor artifacts from either RF electrical or acoustic (UCRA tip) sources.
Echo frame data were analyzed for temperature as a function of ablation time. In the echo frame analysis, it was assumed for simplicity that the cardiac tissue returns to its original physical position at end systole while observed in a state without ablation. Electrocardiographically triggered ablation in some cases was not possible during image acquisition because of a weak ECG signal that was overwhelmed by RFA signal interference.
For comparison purposes, Figure 8 shows in vivoderived thermal strain data from both the ML-PZT and the ML-CMUT catheters. Both catheters were built with the special UCRA tip ( Figure 2) ; however, only the ML-PZT catheter had a thermocouple embedded directly into the UCRA tip for direct endocardial surface temperature recording. The ultrasound-derived thermal strain data are computed from a tissue site deeper (2-5 mm) and thus will be a different temperature than the endocardial surface, probably slightly cooler. Further experiments to examine the actual in vivo temperature distribution as produced from RFA are planned. As expected, heart motion artifacts can be minimized with ECG triggering and special signal processing as described earlier.
Mechanical ventilation was stopped during image collection to reduce tissue motion artifacts. Figure 9 shows B-
Stephens et al-CMUT Array-Based Imaging and Ablation Catheter Figure 6 . The microlinear capacitive micromachined ultrasound transducer (ML-CMUT) ablation sites recorded in the porcine model are indicated as numbered red dots. The NavX reconstruction of the partially mapped right heart is shown in two anterior views. The electroanatomic mapping catheter was advanced from the inferior vena cava (IVC) and used to define the right atrial (RA) and right ventricular (RV) chambers before tracking ML-CMUT ablation locations. Ablations were performed to test the handling of the ML-CMUT in the RA, through the tricuspid annulus (TA) to the RV, and additionally in the coronary sinus (CS) and great cardiac vein. mode images and B-mode images overlaid with TSI 12 seconds after the initiation of ablation, which corresponded to approximately the peak TSI strain magnitude. Thermal strain image-processing techniques are in development to reduce the effects of heart motion and enhance the speed of data processing.
With regard to negative findings during RFA, artifacts resulting from minor RF electrical noise emissions compromised imaging but not excessively. This electrical noise affected the quality of electrocardiographic triggering as well.
Discussion
We previously described an early-generation 9F ML-PZT catheter design, which showed an echo penetration depth of only 2 cm. 14 In consideration of the piezoceramic array aperture dimensions of only 1.2 × 1.58 mm, the image quality was within expectations and useful for near-field ICE imaging. In more recent experiments, we were able to test the third generation of this ML-PZT prototype with the benefit of improved array assembly, which showed image penetration improvement to a depth of 4 cm. Additionally, steerability in the catheter has improved in every prototype generation produced, although slight kinking limited its motion. This purely mechanical issue can be remedied by optimizing the catheter wall material for strength and shore durometer hardness.
We expect a similar performance development pathway for the ML-CMUT catheter. Once the ML-CMUT design has matured, a more quantifiable comparison study with the ML-PZT catheter will be attempted. The secondgeneration ML-CMUT catheter, presented in this work, has shown promise as a competitive alternative to the ML-PZT design, currently with 3 cm of depth penetration. The use of these recently developed CMUT catheters is still in its infancy, with many of the special array features still to be fully exploited. Capacitive micromachined ultrasound transducer and application-specific integrated circuit assembly techniques are improving along with methods to improve the array-buffering circuitry and high-voltage direct current bias generation and isolation. The ML-CMUT echo signal fidelity benefited greatly from the addition of small application-specific integrated circuit direct current supply capacitors (100 nanofarads), which prevent amplifier feedback oscillation.
Beyond the fundamental catheter performance features of the ML-CMUT, its compatibility with EAM intracardiac guidance is essential for this design to reach its full multifunctional potential. We expect specially equipped RFA guidance catheters in the future to be positioned within the heart by nonionizing visualization technologies such as EAM and the implementation of local ablation feedback through the acquisition of actual tissue temperature indications derived from the multifunctional catheter itself.
Decreased reliance on fluoroscopically guided interventions in electrophysiologic studies will become more important in the future, 47 which is particularly relevant in pediatric patients, for whom ablation procedures may last 40 to 60 minutes. 48, 49 In this particularly vulnerable group, clinicians need to consider the lifetime radiation cumula- Figure 9 . Thermal strain imaging based on in vivo echoes from a porcine endocardium undergoing simultaneous ablation. The far left panel is the unprocessed B-mode sector image in gray scale gradients on a decibel scale. The middle panel shows the ultrasound-based "strain" image of the tissue approximately 12 seconds after the start of ablation; the round dark region at a 2-mm depth is likely a small blood vessel. The color bar describes the (unitless) thermal strain, which can be converted to temperature units (as suggested in Figure 8 ) pending verification of the scaling factor relationship, which is to be determined. A schematic of the ultrasound-compatible radiofrequency ablation tip and approximate ultrasound image sector is shown at the far right.
tive risk. Studies have already shown that an improved navigational system used during ablation procedures can substantially decrease the duration of both ablation procedures and fluoroscopic positioning without altering the success or complication rate. 50, 51 Interest now is expanding with regard to the extent that echocardiography can shift the paradigm in imaging guidance during ablation. 52, 53 Offline processing of the TSI data collected during RFA shows the feasibility of tissue temperature estimation. Work is under way to further assess the temperature estimation accuracy and to integrate TSI processing for realtime displays. Because the relationship between the ultrasound-based thermal strain and actual tissue temperature is approximately linear only to 50°C, the expected clinical use will be to provide the interventionalist with an effective indicator of the sufficiency of a thermal dose to help prevent excessive ablations, which can produce undesirable consequences such as phrenic nerve damage and pulmonary vein stenosis.
In conclusion, the image quality attained by the ML-CMUT catheters, as well as their ability to penetrate 3 cm of tissue, is considerable given the fact that they have a small imaging aperture of less than 1.5 × 2 mm. This second generation of the ML-CMUT catheter has improved steerability, which allows it to be manipulated more easily in the confines of the heart, and has the potential for expanded imaging use in the pericardial space. Microlinear CMUT catheters, in addition to the ML-PZT catheters, have been successfully used to collect potentially meaningful temperature information through the use of thermal strain processing. This promising approach may substantially influence real-time ablation guidance in future clinical practice. Alternative catheter designs, currently in development, aim toward further increasing therapeutic effectiveness by delivering a high-intensity focused ultrasonic beam as the energy source for ablation.
